[1] Large lightning wildfires in Canada and Alaska account for most of the area burnt and are main determiners of the age mosaic of the landscape. Such fires occur when positive midtroposphere height anomalies persist > 10 days during the fire season. Midtroposphere anomalies are part of teleconnections which are created by atmospheric and coupled sea/air dynamics. Large lightning fire occurrence and area burnt data were used to define eight centers of large wildfire variability in Canada and Alaska during 1959-1999. Preferred positions of persistent positive midtroposphere anomalies correlated with the Fire Regions during large fire events. Active fire weather showed strong relations with Pacific Decadal Oscillation (PDO) at interdecadal timescales and with El Niño Southern Oscillation (ENSO) and Arctic Oscillation (AO) mostly at interannual (2 to 6 years) timescales. PDO and ENSO (AO) related large fires were more frequent in the western (eastern) regions. The mountain ranges in western Canada play a major role in the large-scale patterns of large fire occurrence through retention of PDO-related Pacific Ocean moisture, causing the dynamics of large fires each side of the ranges to be mostly in antiphase. The PDO/ENSO regime shift of 1976/1977, together with the strong and persistent positive phase of AO during the late 1980s and 1990s contributed to the increase in area burned in the study area except in British Columbia and Alaska. PDO-ENSO-AO interactions with active fire weather provide an explanation for changes in large fire occurrence frequency during the last centuries in the area.
Introduction
[2] Forests of Canada and Alaska are a mosaic of different ages since they last burned [Johnson, 1992] . Lighting fires caused >85% of the area burned in these forests during 1959 (also Bureau of Land Management, Alaska Fire Service, 2003, http:// agdc.usgs.gov/data/blm/fire/), and 14% of all fires accounted for 77% of the area burned . Thus a few large fires shape the forest age mosaic.
[3] Changes in the fire frequency will alter the average age of the forest as a whole and will have major consequences in the carbon cycle of the biosphereatmosphere [Levine, 1996] . Past changes in fire frequency (i.e., probability of an area burning per unit time) have been documented over large areas of the Canadian boreal forest and have been attributed to changes in climate, such as the end of the Little Ice Age [Masters, 1990; Johnson and Larsen, 1991; Bergeron and Archambault, 1993; Larsen, 1997; Weir et al., 2000; Bergeron et al., 2001; Carcaillet et al., 2001] .
[4] Annual area burned in Canada increased in the last decades of the 20th century [Skinner et al., 1999 [Skinner et al., , 2002 Stocks et al., 2002] . General Circulation Models have been used to predict higher fire danger levels in a global change scenario based on an increase in temperatures over North America [Stocks et al., 1998 ]. Recent studies have linked human-induced climatic change through emissions of greenhouse gases and an increase in area burned by forest fires in Canada over the past 4 decades [Gillett et al., 2004] . However, it is very important to identify and describe the mechanisms leading to large-scale patterns of fire occurrence before predicting future trends in area burned under global-change scenarios.
[5] Large lightning fires are associated with persistent (>10 days) positive midtroposphere (500 hPa) anomalies (upper air blocking highs) that block zonal atmospheric circulation [Schroeder et al., 1964; Finklin, 1973; Janz and Nimchuk, 1985; Street, 1985; Flannigan and Harrington, 1986; Johnson and Wowchuk, 1993; Skinner et al., 1999 Skinner et al., , 2002 . During these events, lack of precipitation and prevailing meridional flow of warm air rapidly dry fuel over large areas. Fuel dryness, as measured by the Canadian Fire Behavior System [e.g., Johnson and Wowchuk, 1993] , associates strongly with persistent positive midtroposphere anomalies, providing a causal explanation for potential of large fires.
[6] Such persistent positive midtroposphere anomalies are in turn associated with teleconnection patterns. Relations between temperature and precipitation in North America and teleconnections, such as the interannual El Niño -Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), the Pacific North American teleconnection (PNA), the Atlantic multidecadal oscillation (AMO), the Arctic Oscillation (AO) as well as global sea-surface temperatures (SST) have been reported [Yarnal, 1984; Halpert, 1986, 1987; Kiladis and Díaz, 1989; Trenberth and Branstator, 1992; Zhang et al., 1997; Shabbar et al., 1997; Minobe, 1997; Bonsal and Lawford, 1999; Rajagopalan et al., 2000; Zhang et al., 2000; Thompson and Wallace, 2001; Enfield et al., 2001; Shabbar and Skinner, 2004; Coulibaly and Burn, 2005; Knox and Lawford, 1990; Hoerling and Kumar, 2003] .
[7] Long-term modifications of the atmospheric flow due to large-scale climatic changes could modify these circulation patterns, modifying the spatial and temporal occurrence of large fires. Our purpose is to identify the relations between large-scale climatic fluctuations and large fire occurrence in Canadian and Alaskan forests, focusing on the climatic conditions that lead to fuel drying over large areas and hence to higher potential for large area burned.
[8] Previous studies have linked teleconnection patterns and large fire occurrence in Canada [Skinner et al., 1999 [Skinner et al., , 2002 and Alaska [Hess et al., 2001; Duffy et al., 2005] . However, no analysis has been made of large area burnt patterns for both Canada and Alaska. Further, the temporal divisions have been made on monthly to annual fire data and not at a scale that corresponds to the midtropospheric patterns. Spatially, landscape has been divided into political or eco-regions [e.g., Flannigan et al., 2005] . Focusing on time and space scales implies taking into account the causal mechanisms of large forest fire occurrence (midtroposphere anomalies and ultimately teleconnection patterns) and their scales. By doing so, results are made easier to interpret and to link to physical processes, and strong relations between climate and area burnt are found. Thus a study giving a comprehensive continental picture of large fire occurrence on the boreal forest of North America focusing on the time and spatial scale of large forest fires is necessary.
[9] In this study we show that (1) large lightning fires have recurrent spatiotemporal patterns or fire regions, (2) these fire regions are correlated with positions of positive midtroposphere anomalies, (3) fire-related positive midtroposphere anomalies are part of hemispheric teleconnections that determine their position and thus affect fire occurrence over the study area at both high (interannual) and low (interdecadal) frequencies and (4) teleconnection interactions with large fire occurrence suggest explanations for known past changes in large-fire occurrence and fire frequency during the last 3 centuries.
Data
[10] Lightning-caused large (>200 ha) fires for Canada and Alaska from 1959 to 1999 were obtained from the Canadian Large Fire Database and the Alaska Historical Fire Database (Bureau of Land Management, Alaska Fire Service; http://agdc.usgs.gov/data/blm/ fire/). Data include information on fire location, start date and final size of fires.
[11] Data of the mean daily geopotential height of the midtroposphere (500 hPa) for the Northern Hemisphere were obtained from the NCEP Reanalysis database, provided by the NOAA-CIRES Climate Diagnostics Centre, Boulder, Colorado, USA http://www.cdc.noaa.gov/ [Kalnay et al., 1996] ). These data have a spatial coverage of 2.5 degrees latitude Â 2.5 degrees longitude, resulting in a 144 Â 37 cell grid for the Northern Hemisphere.
[12] Data of three teleconnection indices expected to affect active fire weather over the study area were used.
(1) The Arctic Oscillation (AO) [Trenberth and Paolino, 1981; Wallace and Gutzler, 1981] is defined as the dominant mode of sea level pressure (SLP) north of 20°N, is characterized in its positive (negative) phase by negative (positive) pressure anomalies over the Arctic and a circumpolar belt of positive (negative) anomalies at mid latitudes. AO index data were obtained from the National Ocean and Atmospheric Administration (NOAA; http:// www.cpc.noaa.gov/). (2) El Niño 3 time series consists of the sea surface temperature (SST) between 5°N-5°S and 150°W -90°W and represents ENSO variability. ENSO records were obtained from the Joint Institute for the Study of the Atmosphere and Ocean (JISAO) data archive at the University of Washington (http://tao.atmos.washington.edu/). (3) The Pacific Decadal Oscillation (PDO) is the leading mode of monthly SST anomalies in the North Pacific Ocean, poleward of 20°N http://tao.atmos.washington.edu Hare, 1996; Mantua et al., 1997] ). PDO events persisted for 20 to 30 years during the 20th century. Warm (cool) PDO phases were characterized by a strengthened (weakened) Aleutian low enhancing (reducing) the advection of warmer air onto the west coast of North America, which caused positive (negative) temperature anomalies over northern North America, with a maximum (minimum) anomaly located over central Canada [Minobe, 1997; Mantua and Hare, 2002] . Warm PDO phases tend to produce persistent high-pressure anomalies over northern North America, especially over western Canada and Alaska . PDO is related to the SST, precipitation and convection variability in the Indian Ocean and tropical Pacific, and its spatial climatic patterns are similar to the ENSO pattern [Mantua et al., 1997; Zhang et al., 1997) . The physical mechanisms responsible for the PDO are not fully understood [Mantua and Hare, 2002] , but tropical proxy data connected to the PDO [Evans et al., 2000 [Evans et al., , 2001 Linsley et al., 2000] suggest an interaction with climate in the tropics and Southern Hemisphere.
Methods
[13] A flowchart in Figure 1 is presented that summarizes the methods used in this study.
Identifying Fire Regions
[14] Orthogonally rotated principal component analysis (VARIMAX criterion [Kaiser, 1958] ) based on the correlation matrix of the fire data was used to define the primary spatiotemporal patterns of large lightning fire variability (fire regions). Such an approach has been applied in climatological studies to identify climate regions Lamb, 1985, 1987; Serreze et al., 1998 ]. This method was adopted in our study because it is able to establish the major spatial patterns (or modes) of variability of large fire occurrence and has been previously shown to work on rather episodic data sets such as convective rainfall [Richman and Lamb, 1985] , which show similar structure to our data set.
[15] The study area was divided into a 2°latitude Â 2°longitude grid. Cells were excluded from analysis if no lightning-caused fire >200 ha occurred during 1959 -1999. The resulting grid consisted of 296 cells (auxiliary material 1 Figure S1 ). Grid cell size was chosen to include several large fires during the 41-year period, as well as to allow enough spatial resolution for fire regions to be defined. Fire season was set to May -August (i.e., the period when large fires in the study area mostly occur) and was divided into successive 15-day periods, resulting in ten 15-day periods per season, and a series of 410 15-day periods from 1959-1999. The 15-day resolution largely coincides with the duration of blocking highs that result in years of large fires [Johnson and Wowchuk, 1993] and also matches the Duff Moisture Code drying rate model [Van Wagner, 1987] , which represents moisture in the layer of loosely compacted decomposing matter on the forest floor, with a nominal depth of approximately 7 cm. The area burned in each cell was log-transformed to reduce its skewness.
[16] Thus, variables in the PCA were the area burned in each 2°Â 2°cell (296), and observations or cases were the 15-day periods (410) (Figure 1a ). Prior to rotation, a number of principal components were selected by observing the decline in successive eigenvalues (scree plot) and also by considering whether the components were interpretable [Rummel, 1970] . In our case, interpretable refers to a regional pattern of the variable loadings for each principal component (i.e., high loadings mainly concentrate in a defined geographical region). Lines of longitude converge toward the pole so the 2°Â 2°grid cells that we used do not represent a fixed area. To assess the effect of the resulting unequal sampling, we compared separate rotated principal component analysis for the south and north and east and west halves of the study area [cf. Richman and Lamb, 1985] .
[17] Principal component loadings (i.e. correlations between the time series of area burned in each cell -variableand the time series of the principal component scores) were interpreted as a probability surface defining the spatial pattern of large fire occurrence, with each loading associated with a 2°Â 2°cell. Component loadings >0.3 were selected to define the regional boundaries of the fire regions, selecting thus a number (n) of cells or variables (Figure 1a ) per component.
Fire Regions and Northern Hemisphere Midtroposphere Circulation Patterns
[18] Large fire events were identified as the 15-day periods with the largest area burnt; a number q of large fire events was selected per fire region (Figure 1b) until 70% of the total area burned during 1959-1999 in each fire region was accounted for. Next, we identified the date when the largest fires began during each large fire event (M d ) as an indicator of enough forest fuel dryness over a fire region to facilitate a large fire, i.e., the day after at least 10 days of fair weather produced by an upper air blocking high.
[19] Northern Hemisphere 500 hPa geopotential heights for the 15 days prior to each M d were obtained and mean 15-day height charts were produced (q charts per fire region; Figure 1c) ; next, Northern Hemisphere geopotential height anomalies were computed as the difference from the 41-year 500 hPa height climatological mean for each 15-day period prior to M d . Mean 500 hPa height increases during summer over northern North America, peaking during the latter half of July and then decreasing rapidly. This means different climatological 500 hPa height means during the fire season. In addition, the mean geopotential height varies regionally. Because of both sources of variation, raw height anomalies cannot be compared for the entire study area and period. Thus each 500 hPa height anomaly corresponding to a large fire event was normalized with respect to its regional climatology by N = (X À m)/s, where X is a grid point 15-day mean height, m is the grid point 41-year climatological height mean and s the standard deviation. The magnitude of the normalized anomaly is thus given in standard deviations [cf. Grumm and Hart, 2001; Xue et al., 2003] .
[20] The q geopotential height anomaly charts in each fire region were then grouped into similar 500 hPa height anomaly patterns (Figure 1d ) by using a correlation-based unweighted pair-group average (UPGMA) cluster analysis [Sneath and Snokal, 1973] . Clusters were defined using a Type 1 error rate of 0.001, which corresponded to r $ 0.04 (n > 5000). This produced a number r of groups of similar geopotential height anomaly charts per each fire region. Finally, an average 500 hPa Northern Hemisphere chart was produced for each resulting cluster in each fire region (named fire weather upper air pattern). This produced a number r of fire weather upper air patterns per fire region. Each individual standardized 15-day anomaly height was weighted according to its total area burned during averaging. As an example, if an area of 100,000 ha was burned during the 15-day period A, and an area of 80,000 ha was burned during the 15-day period B on a given fire region, then the weighting scheme would give the period A anomaly height a relative weight of 1 and the period B a relative weight of 0.8 in the averaging process.
[21] To construct a set of time series or fire climate indices for each fire region describing the potential for large fires (i.e., active fire weather), a running mean was computed which correlated each fire weather upper air pattern with the upper air pattern of any 15-day geopotential height average during all months of the year from 1959 to 1999 ( Figure 1e ). That is, we calculated as many fire climate indices as fire weather upper air patterns (i.e., r fire climate indices per fire region). According to this procedure, high correlation coefficients correspond to 15-day periods with mean upper air height anomaly patterns similar to the fire weather upper air pattern. Therefore high (low) fire climate indices imply high (low) potential for large fires over a given fire region. The resulting r time series had 984 consecutive values each (every 15-day period for 1959-1999; Figure 1e ).
[22] Fire climate indices were used to search for trends in the occurrence of midtroposphere patterns favorable to large fires, as well as to test their relation to the teleconnection indices thought to affect the incidence of large fires over the study area: El Niño -Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO) and the Arctic Oscillation (AO). Many time series in geophysics exhibit nonstationarity in their statistics: While the series may contain dominant periodic signals, these signals can vary in both amplitude and frequency over time. Wavelet analyses attempt to solve these problems by decomposing time series into time-frequency space simultaneously, representing their frequency content while still keeping the time description parameter. A Morlet wavelet approach [Torrence and Compo, 1998; Grinsted et al., 2004] was used to assess such relations. Our analysis involved continuous wavelet transform (CWT), Cross wavelet transform (XWT) and wavelet coherence transform (WCT). CWT is a common and powerful tool for analyzing intermittent oscillations in a time series. Such analyses have edge artifacts that are accounted for by defining a cone of influence (COI), outside which edge effects can be ignored. XWT calculates the common power between two series and their relative phase in the time-frequency space, whereas WCT measures the coherence of the cross wavelet transform in the timefrequency space; it is usefully thought of as a localized correlation coefficient in the time-frequency space. Phase angle statistics were used to gain confidence in causal relations among the time series [Jevrejeva et al., 2003; Grinsted et al., 2004] . Significance of wavelet power and coherence was assessed following the procedures of Grinsted et al. [2004] .
[23] Wavelet analyses were limited by the relatively short length of the series (41 years), so that long-term variability could not be assessed by this procedure. As an alternative method to assess the interannual and interdecadal variability associated with the relations between Fire Climate Indices and teleconnection indices, 7-year centered unweighted moving averages were computed, generating 35-year long low-pass-filtered series and the corresponding 35-year long high-pass-filtered series obtained by subtracting the 7-year low-pass-filtered series from the original series.
Results

Fire Regions in Canadian and Alaskan Forests
[24] Eight principal components, explaining 24.7% of the entire domain (common) variance, were selected for rotation This is a rather high percentage, given the high time resolution of the fire data (15-day periods), the large number of variables used (and hence PCs obtained -296) and the episodic nature of fire data, resulting in many observations with a value of zero. For example, Walsh and Mostek [1980] found that the first 10 out of 61 possible unrotated principal components explained 50% of the variance in U.S monthly station precipitation, and Diaz [1981] found that the first 5 of 48 principal components accounted for 58% of the variance in a similar analysis. In our case, 2.7% of all principal components accounted for 24.7% of the common variance, resulting in ratio of common variance versus % of selected PC of 9.1; the ratios for the two examples given above are 3.1 and 5.6, respectively.
[25] Thus forested areas in Canada and Alaska were divided into eight fire regions according to the occurrence of large, lightning fires, based on the spatial distribution of the component loadings larger than 0.3 for each rotated principal component (Figure 2 ). Fire regions cover > 94% of the total area burned during the record and are largely nonoverlapping (88.5% of their total area did not overlap).
[26] Analyses of the east and west halves and north and south halves of the study area yielded very similar loading patterns, supporting the coherence of the identified fire regions and indicating negligible effects of the decrease in cell size with latitude. No principal component represented eastern and southern Ontario and southern Québec, or south and south-eastern Alaska and coastal northern British Columbia, due to the low area burned in these areas during the record.
[27] During 1959 -1999, all fire regions showed area burnt totals in the millions of hectares (from 4.4 million in East to 17.4 million in Central) except British Columbia ($0.6 million). The annual area burnt increased in all fire regions, except British Columbia, which showed the opposite pattern, and Alaska, which did not show any major trend (Figure 3) . In many cases, individual years or clusters of years with very large area burnt occurred. The late 1980s and early 1990s contained several large fire years in all regions east of the Rocky Mountains.
Fire Regions and Northern Hemisphere Midtroposphere Circulation Patterns
[28] Thirteen to 26 large fire events were found in each fire region (i.e., 4 -5% of all 15-day periods accounted for $70% of the total area burned). Three to four fire weather upper air patterns were defined for each fire region (Table 1) . The first two fire weather upper air patterns for each fire region (auxiliary material Figures S2a-S2d) accounted for an average of 87% of the total area burned by large fire events (Table 1) , whereas the remaining ones accounted for infrequent situations (2 to 5 large fire events in 41 years) with generally no significant area burned (not shown).
[29] Fire weather upper air patterns were defined at a hemispheric scale by the dominant patterns of midtropospheric geopotential height in the tropics, the Arctic and the midlatitudes (Table 1) . Four general types of fire weather upper air patterns were identified. We will name these types referring to the teleconnections they were strongly associated with, as shown later. The PDO/ENSO + (À) type is characterized by both widespread positive (negative) height anomalies in tropical regions and low (high) heights over the Northern Pacific. AO + Type involves generalized low geopotential heights over the Arctic Ocean and a belt of positive height anomalies at midlatitudes with the exception of frequent lows west of Canada's Pacific coast, i.e., deep West Coast Trough. Finally, AO À type presents positive upper air height anomalies over the Arctic Ocean, surrounded by a belt of lows at mid-high latitudes (centered $50°N -60°N) and a belt of highs at lower latitudes (centered at $30°N).
[30] Fire weather upper air patterns were defined regionally (Table 1) by the position of positive midtroposphere geopotential heights in relation to the fire region as well as by the midtroposphere height patterns over the Northern Pacific Ocean, and the strength and position of the Western Canadian Continental Ridge (WCR) [Skinner et al., 2002] and the Canadian Polar Trough (CPT) [Shabbar et al., 1997] . Eastward and northward expansions of WCR were responsible for most fire-related midtroposphere highs (Table 1 and [31] PDO/ENSO + patterns accounted for 48% of the total area burned by large fire events and were related to fire regions east of the Canadian Rocky Mountains, especially in the western half of the study area, where they accounted for >80% of the area burnt. Such events mainly occurred after 1976 (Table 1) . PDO/ENSO -patterns accounted for 7% of the total area burnt and were related primarily to large fires in British Columbia and, to a lesser degree, in Yukon and South Central Regions. Such events mainly occurred prior to 1976 (Table 1) . AO + patterns accounted for 35% of the area burned by large fire events and were especially related to large fires in the eastern half of Canada, where they accounted for > 68%. Such events mainly occurred after 1976 (Table 1) . Finally, AO À patterns accounted for 9% of the total area burnt and were related to fires occurring mainly in Alaska and the Northwest Territories, where they accounted for $ 40% and 25% of the area burnt, respectively, and did not show any specific temporal pattern of occurrence during the period.
Fire Climate Indices
[32] Twenty-four Fire Climate indices were computed, one for each fire weather upper air pattern (8 fire regions x r in Figure 1d ). They were easily grouped into 4 types of fire climate indices, each corresponding to one of the Northern Hemisphere height pattern types described in the previous section. Averaged PDO [33] No large fires occurred during periods of low fire climate indices (i.e., low potential for large fire occurrence), and large fire events were consistently associated with periods of high index values. However, not all high fire climate index values corresponded to large area burnt (e.g., auxiliary material Figure S3 ).
Fire Climate Indices and Teleconnection Patterns
[34] PDO/ENSO + (À) fire climate indices were found to be strongly and positively (negatively) correlated with PDO and ENSO through all months of the year during 1959 -1999. Fire climate indices typically lagged behind PDO by 2 to 5 months. For PDO, the average index from March to August (spring-summer) explained most of the variability of fire climate indices during the fire season; whereas for El Niño 3 series the average index from January to March (winter) was most important. AO + (À) fire climate indices correlated strongly and positively (negatively) with AO through all months of the year during 1959 -1999 . No lag was detected in these relations.
[35] Wavelet analyses were performed on the normalized series of summer fire climate indices, spring-summer PDO and winter Niño 3, as well as on the summer AO series. ENSO and PDO showed consistent in-phase (antiphase) relations with PDO/ENSO + (À) fire climate indices, whereas AO showed consistent in-phase (antiphase) relations with AO + (À) fire climate indices.
[36] Winter Niño 3 showed significant common power with summer PDO/ENSO + and À fire climate indices at $2-to 6-year frequency bands (typical ENSO frequency band [Minobe, 2000] ) during 1966 -1975 and 1978 -1990 ( Figure 6 and auxiliary material Figure S4a ). Wavelet coherence showed significant linkages in the 2 -6 year and the > 8-year bands during the whole period. A coherence and common wavelet power minimum occurred at high frequencies during 1976 -1977. Figure  6a . The thick black contour designates the 5% significance level against red noise and the cone of influence, which defines where edge effects are important, is shown as a lighter shade. The relative phase relationship in XWT and WCT is shown as arrows (with in-phase pointing right, antiphase pointing left, and Niño 3 leading fire climate index by 90°pointing straight up). Graphs for the types negatively related to ENSO are shown in Auxiliary material S4a.
[37] Cross wavelet analyses performed with spring-summer PDO and summer PDO/ENSO + and À fire climate indices (auxiliary material Figures S4b and S4c) showed ENSO-like strong common power at interannual frequency bands, but interdecadal variability typically associated with the PDO was not detectable due to the short length of the time series (41 years). High-pass-filtered fire climate indices captured most of the variability associated with El Niño-ENSO cycle, whereas low-pass-filtered series captured the interdecadal variability associated with the PDO (Table 2) .
[38] Summer AO showed significant common power at high frequencies (<4 years) with AO + and À fire climate indices for the periods 1965 -1975 and from 1985 onward. Coherence was significant during the record at high frequencies ( Figure 7 and auxiliary material Figure S4d) , and also at a $8-year band, especially with AO À fire climate Table 2 . Correlations Between the 7-Year High-and Low-Pass-Filtered Summer Fire Climate Indices Shown in Figure 5a and Figure 7. As in Figure 6 but for normalized summer AO and summer AO + type fire climate index. Graphs for the types negatively related to AO are shown in auxiliary material S4d.
indices. Fire season -summer-AO (positive and negative) fire climate indices and summer AO showed stronger relations at interannual than at interdecadal variability, as seen in the low-pass-and high-pass-filtered series correlations (Table 2) .
[39] Fire climate indices lagged AO, ENSO and PDO (i.e., teleconnection patterns lead fire index patterns; Table 3 ). However, AO and AO + (À) fire climate indices were practically in total phase (antiphase), and so it was not possible to determine which index was leading despite the small standard deviation of the phase angles in the timefrequency domain, as they occurred almost simultaneously.
Discussion
[40] The occurrence of large, lightning-caused fires varied in Canada and Alaska among eight fire regions during 1959 -1999 (Figure 2 ). Their sizes suggest that large-scale factors determined their positions. Fire regions reflect persistent positive midtroposphere anomalies at specific locations over North America, and were located consistently below or at the downstream part of such anomalies during large fire events (Table 1, Figure 4 , and auxiliary material Figures S2a -S2d) .
[41] That areas known to have had large fires in the past (Southern Ontario, Southern Québec and northwestern coastal forests [e.g., Bergeron et al., 2001] ) did not show large areas burned during the record, together with the occurrence of 6 fire events encompassing several (>2) contiguous fire regions during the 41-year record, suggests that fire occurrence and area burnt may be interacting at different time and space scales.
[42] We have focused our analysis on the conditions leading to fuel drying and thus to a higher probability of large fire occurrence; that is, in the weather patterns during the 2 weeks prior to the start of a large lightning fire. However, dry conditions are not the only weather factor required for large fire occurrence: Thunderstorm activity and lightning strikes after a dry period are needed for the onset of such fires [Nash and Johnson, 1996] . We have not directly addressed this issue in our study, but it is logical to think that the midtroposphere patterns we have found to be linked to large area burnt give some hints on large-scale atmospheric patterns prone to lightning activity over the fire regions.
[43] Our results reveal a strong association at interdecadal timescales (low frequency) between PDO and active fire weather in the fire regions of Canada and Alaska during 1959 -1999 (auxiliary material Figures S4b and S4c and Table 2 ). The dynamics of large fires in fire regions from each side of the Canadian Rocky Mountains were mostly in antiphase with each other, as warm (cool) PDO regime enhances (inhibits) fire weather east of the Canadian Rockies, through an increase in temperatures with its maximum in central Canada [Minobe, 1997; Mantua and Hare, 2002] and the formation of frequent blocking highs over western North America . The mountain ranges in western Canada play a major role in the large-scale patterns of large fire occurrence through retention of PDO-related Pacific Ocean moisture.
[44] AO and ENSO modulate such long-term trends of large fire activity at interannual timescales (high frequency; Figures 6 and 7 and auxiliary material S4a and S4d). Positive AO enhances fire weather in the midlatitude Fire regions through the presence of midlatitude blocking highs typical of positive AO situations and negative AO enhances fire weather in the northernmost fire regions (Alaska and Northwest Territories) through a southward expansion of the Arctic blocking high. The coincidence of interannual wavelet power in the analysis of fire climate indices and PDO and ENSO indices suggests that both teleconnections do not affect area burnt independently. Interannual ENSO events interact with the interdecadal effects of PDO during El Niño and La Niña events [Gershunov and Barnett, 1998; Brown and Comrie, 2004] . We refer to PDO (ENSO) when discussing the interdecadal (interannual) variability effects of PDO/ENSO.
[45] PDO regime changed in 1976-1977 from a cool to a warm phase (Figure 5b ) [Trenberth, 1990; Trenberth and Hurrell, 1994] , which persisted at least until 1997 [MacDonald and Case, 2005] . Such regime shift also occurred in ENSO Neal, 1984, 1985; Nitta and Yamada, 1989] . Dramatic ecological shifts over North America have been reported to be associated with this regime shift [Venrick et al., 1987; Roemmich and McGowan, 1995; Hare et al., 1999] . Yearly area burnt totals differ strongly prior to and after 1976 in all fire regions except for Alaska (Figure 3 ): large fire events frequency increased due to the warm PDO phase and persistent positive AO in all fire regions east of the Canadian Rocky Mountains. On the other hand, area burnt decreased in British Columbia due to the PDO regime shift; no large fires associated with cool PDO occurred there after 1976. Three isolated large fire events occurred in British Columbia under warm PDO situations and were responsible for large fires in the Canadian Rockies (1985) or in the Yukon boundary area (1969) . Total area burned in Alaska did not show trends because $40% of its total area burnt burned associated with negative AO events, which AO, spring-summer PDO and winter ENSO for 1959 -1999 . Circular SD is circular standard deviation of the Circular Angle (in°). Angle strength is measure of the consistency of the phase angles through the time frequency-space. Angle strength varies between 0 and 1 and can be thought of as the inverse of the variance of all phase angles.
were common during the early period of the record, and $35% of it burned associated with the warm PDO regime after 1976. Previous studies attributed an influence of ENSO, Pacific/North America (PNA) and PDO on large fire activity in interior Alaska [Hess et al., 2001; Duffy et al., 2005] . Our results largely agree with the findings of Hess et al. [2001] and show in addition the even stronger influence of AO on large fire occurrence in the region.
[46] Moreover, positive AO-related large fire events occurred only after the PDO regime shift in 1976 (Table 1) .
Thus, interdecadal PDO variability interacts with interannual AO variability, enhancing large fire occurrence east of the Canadian Rocky Mountains. Large fires associated with AO-induced high-pressure anomalies in midlatitudes tend to occur more frequently under warm PDO regimes as positive air temperature anomalies occur over northern North America during warm PDO events Minobe, 1997] . Bonsal et al. [2001] suggested that positive PDO/ ENSO events during winter would inhibit the flow of cold Arctic air over most of Canada by displacing the polar jet stream northward through an eastward displacement of the western Canadian Ridge produced by a deeper than normal Aleutian low.
[47] That the phase angles between teleconnection indices and fire climate indices are constant across all time and frequency scales (Table 3) argues for a constant time lag due to the physical mechanism of signal propagation from teleconnections to fire climate indices.
Conclusion and Significance
[48] The PDO/ENSO regime shift in 1976 triggered an increase in area burned east of the Canadian Rocky Mountains and, as a result, in the total area burned for the whole study area. Indeed, the correlation between the low-pass-filtered total area burned in Canada and PDO spring-summer time series is 0.7 for the study period. Thus the overall increase in area burned observed in the North American boreal forest (Figure 3) Gillett et al., 2004; Flannigan et al., 2005] resulted mainly from the onset of a warm PDO regime and persistent positive AO situations. Despite increased precipitation in eastern Canada [Bergeron and Archambault, 1993; Tardif and Bergeron, 1997; Girardin et al., 2004] , area burned there also increased after 1976 and during the positive AO events in the late 1980s and 1990s (Figures 3 and 5b) . Our results suggest a greater influence of PDO at interdecadal timescales over large fire occurrence in eastern Canada than those of Girardin et al. [2004] : 45% of the area burned by large fire events in fire region East was directly associated with PDO-related midtropospheric patterns and the remaining 55%, AO-related, occurred only after the onset of a warm PDO regime in 1976.
[49] PDO regime shifts have occurred previously in the late 19th and the 20th century [Minobe, 1997; Mantua and Hare, 2002] resulting in warm PDO phases during 1870 -1889, 1925 -1946 and 1976 to at least 1997 [Minobe, 2000; MacDonald and Case, 2005] , and cool PDO phases during 1890 -1924 and 1947 -1976 . According to our results, overall low (high) large fire activity should have occurred during cool (warm) PDO regimes, with high frequency modulation of large fire occurrence by AO and ENSO events. Studies using Canadian data for a longer period (1918 -1990s) confirm our findings (Figure 8 ) [Van Wagner, 1988, Figure 1; Van Wagner, 1991] and show extensive area burned from 1927 to 1946, followed by a steady decline from 1946 -1947 and a sudden rise from 1976 onward. Long fire records for Canada, such as that of Van Wagner, have been considered deficient in the early years due to underestimation of total area burned in northern Canada ; however, they illustrate general trends in total annual area burnt and are the only source of such data. PDO index and these historical area burnt series are strikingly similar, and they even share a short 2 -3 year positive peak around 1960 ( Figure 8) ; correlation between the 10-year smoothed annual PDO and Van Wagner's fire totals (as taken from Figure 1 of Van Wagner [1988] ) is 0.67, whereas the correlation between both annual series is 0.46.
[50] The fire regions formed through the interaction of PDO/ENSO and AO at different timescales. Changes in the dynamics of such teleconnection patterns, especially the PDO, are likely to change the large-scale spatiotemporal patterns of large fire occurrence described in this study. Thus it is important to know whether the PDO has been a consistently robust feature in North Pacific climate, and whether its dominant periodicities have persisted during the last centuries. Reconstructions of the PDO based on tree rings and coral [Minobe, 1997; Biondi et al., 2001; D'Arrigo et al., 2001; Gedalof and Smith, 2001; Gedalof et al., 2002; Moore et al., 2002; MacDonald and Case, 2005] show, despite some contradictions and with the caution needed when interpreting decadal variability taken from such proxy data, that the PDO regime seems to have fluctuated in importance, with notable intervals of weak or even no activity (i.e., 19th century [Biondi et al., 2001; Gedalof and Smith, 2001; Gedalof et al., 2002] ) and other periods where it was locked into a cool phase for about four centuries (10th to 14th century), causing severe drought all over western North America. These past situations involved a different mean state of the ocean-atmosphere system than that typical today [MacDonald and Case, 2005] . Nonlinear dynamics in the ocean-atmosphere system are likely to be the cause of such intermittences at different low-frequency scales [Overland et al., 2000] .
[51] This suggests that the spatial and temporal patterns in the occurrence of large fires might have been very different during the past centuries over Canada and Alaska than those observed for 1959 -1999, probably causing changes in fire frequency. Indeed, major shifts in fire frequency have been detected during the last centuries [Reed et al., 1998; Reed, 2001; Bergeron et al., 2001; Lesieur et al., 2002] , which might be related to strong-weak PDO transitions. Evidence of a distinct fire cycle in western Canada during most of the 19th century [Reed, 2001] is probably linked to a weak PDO period. The onset of a more energetic interdecadal PDO regime in the late 19th to early 20th centuries [MacDonald and Case, 2005; Gedalof and Smith, 2001] might be related to changes in fire frequency at the end of the 19th century and the first decades of the 20th century [Reed, 2001; Bergeron et al., 2001 ].
[52] The possibility of a PDO regime reversal between 1997 and 1999 has been reported [Minobe, 2000; MacDonald and Case, 2005] . To verify that such a regime shift occurred and to determine the nature of the shift requires a careful future examination of additional data in the coming years [Minobe, 2000] . Such regime shift would have major implications in total area burned in the area: A negative PDO situation would imply an overall reduction in total area burnt relative to 1977 -1997, with the exception of British Columbia, where area burnt would increase. On the other hand, a more variable PDO regime would imply changes in the spatiotemporal patterns of large lightning fires. Thus caution should be exercised when using the multidecadal behavior of the PDO observed in the 20th century instrumental records as a basis for anticipating longterm variability [MacDonald and Case, 2005] in the occurrence of large fires beyond the immediate future.
[53] Another global change scenario [e.g., Gillett et al., 2004] predicts higher temperatures and increased of evapotranspiration over North America. This could result not so much in changes in the position of the midtropospheric ridges but in changes in the duration needed to effectively dry fuel.
